Disease associated balanced chromosomal rearrangements (DBCRs), which truncate, delete, or otherwise inactivate specific genes, have been instrumental for positional cloning of many disease genes. A network of cytogenetic laboratories, Mendelian Cytogenetics Network (MCN), has been established to facilitate the identification and mapping of DBCRs. To get an estimate of the potential of this approach, we surveyed all cytogenetic archives in Denmark and southern Sweden, with a population of ∼6.6 million. The nine laboratories have performed 71 739 postnatal cytogenetic tests. Excluding Robertsonian translocations and chromosome 9 inversions, we identified 216 DBCRs (∼0.3%), including a minimum estimate of 114 de novo reciprocal translocations (0.16%) and eight de novo inversions (0.01%). Altogether, this is six times more frequent than in the general population, suggesting a causal relationship with the traits involved in most of these cases. Of the identified cases, only 25 (12%) have been published, including 12 cases with known syndromes and 13 cases with unspecified mental retardation/congenital malformations. The remaining DBCRs were associated with a plethora of traits including mental retardation, dysmorphic features, major congenital malformations, autism, and male and female infertility. Several of the unpublished DBCRs defined candidate breakpoints for nailpatella, Prader-Willi, and Schmidt syndromes, ataxia, and ulna aplasia. The implication of the survey is apparent when compared with MCN; altogether, the 292 participating laboratories have performed >2.5 million postnatal analyses, with an estimated ∼7500 DBCRs stored in their archives, of which more than half might be causative mutations. In addition, an estimated 450-500 novel cases should be detected each year. Our data illustrate that DBCRs and MCN are resources for large scale establishment of phenotypegenotype relationships in man. (J Med Genet 2000;37:858-865) 
When the sequencing of the human genome is finished within the next one to three years, the presence and location of the estimated 60 000-100 000 human genes will be known. However, knowledge about the function and potential involvement in human morbidity will only have been established for a tiny fraction of these genes. Therefore, large scale strategies to establish genotype-phenotype relationships will be of major importance.
One of the classical approaches for this is based on molecular characterisation of chromosomal breakpoints associated with abnormal phenotypes. Thus, disease associated balanced chromosome rearrangements (DBCRs) that truncate, delete, or otherwise inactivate specific genes have been instrumental in the positional cloning of many disease genes.
1 2 Although most of these published DBCRs have been associated with well known disorders/syndromes, reports from population surveys, 3 prenatal diagnosis, 4 and surveys of mental retardation 5 6 suggest that they may be associated with a variety of diVerent phenotypes and may be more frequent than usually anticipated.
Chromosome analysis is the most widespread routine genetic test in the world, oVered by hundreds of diagnostic laboratories world wide. In order to systematise the identification of specific disease associated genes by mapping and cloning of breakpoints in DBCRs, the Mendelian Cytogenetic Network (MCN) has been established, at present involving 292 diagnostic cytogenetic laboratories world wide. The strategy, which involves submission of data on DBCRs into a central database (MCNdb), 7 includes each laboratory identifying and reporting the karyotype and phenotype of the DBCRs that have been encountered both retrospectively and prospectively, in order to improve the chances of identifying disease specific breakpoints.
Since the potential of this approach will rely on the actual number and types of DBCRs that can be expected within MCN, we performed a systematic search in all cytogenetics archives in Denmark and the South Swedish Health Care Region (comprising four counties in southern Sweden (SSHCR)), and from this we estimated the frequency and types of DBCRs among postnatal chromosome samples.
have been oVered by eight cytogenetics laboratories and the SSHCR has been covered by one laboratory.
The search included the period from the inception of the individual laboratory until the end of 1997. The registration of cases and results of analysis, which initially were performed manually in six of the nine laboratories, have now been computerised, but at very diVerent times in each laboratory. Thus, manual files cover 20 to 30 years of diagnosis. The Danish Cytogenetic Central Registry (DCCR), established in 1968, 8 is an electronic registry comprising all subjects with a chromosome analysis in Denmark, including those diagnosed before the registry was started. DCCR made a search on name, date of birth, date of analysis, and karyotype for five of the laboratories, listing all cases with translocations, insertions, and inversions, excluding Robertsonian translocations and the common chromosome 9 inversions. In one laboratory, the archive search was exclusively manual. Three laboratories, which have been computerised since the start, made a similar local search.
Each laboratory stores records of all the patients analysed in the period, including the referral diagnosis and often with some clinical data. Once identified, all the records were scrutinised in the individual laboratories by one of us (MB). In some cases, the clinical information was so sparse that it was necessary to contact the clinical department(s) involved and request additional information. Included in the study were all patients, postnatally karyotyped, with cytogenetically balanced reciprocal translocations, insertions, or inversions, which have a recorded pathological phenotype. Excluded were patients referred for repeated spontaneous abortions, when the carrier had an otherwise normal phenotype. In families where a pathological phenotype segregates with the rearrangement, only one member was included.
Results
Denmark has a population of ∼5.2 million and the area in southern Sweden ∼1.4 million. Thus the investigation covers a population of ∼6.6 million persons. In the area, 71 739 postnatal chromosome analyses were performed in the study period, 58 426 in Denmark and 13 313 in the laboratory in Lund, Sweden.
A total of 216 DBCRs were identified, 165 reciprocal balanced translocations, two balanced direct insertions, two inverted insertions, and 47 balanced inversions. The 216 DBCRs represent an average of 0.3% of all the analysed samples (table 1) . Of the translocations, 78 were de novo, 23 were of maternal, 14 of paternal, and 54 of unknown origin, whereas the corresponding figures for the inversions were six de novo, 13 of maternal, 15 of paternal, and 13 of unknown origin (table 2) . The four insertions were included in the translocation group for simplicity.
DBCRs were discovered in 53 subjects (24% of the total) with 38 well known syndromes/ phenotypes (appendix, 1-4). The most common clinical feature was mental retardation (MR) with or without dysmorphism and/or congenital malformations and/or additional neurological symptoms. MR was associated with 88 translocations and 20 inversions representing 50% of the total number (appendix, 14). The next most common groups were male infertility with 14 translocations and five inversions (appendix, 12) and female infertility with 13 translocations and two inversions (appendix, 13).
Discussion
Autosomal reciprocal balanced translocations and inversions occur in approximately 0.1% of newborns 3 and the estimated frequency of de novo balanced rearrangements in the general population, as determined from newborn screening series and from prenatal diagnosis, is 0.0283%. 4 The systematic search disclosed 216 DBCRs, which represents an average of 0.3% of all the analyses. Moreover, the 0.3%, which was remarkably similar in all but one of the Danish laboratories, was also observed in the Swedish laboratory. 1  0  1  0  0  0  0  1  1  2  2  6  1  2  1  2  1  4  3  4 1  4  1  1 2  2  2  0  2  4  4  0  1  1  0  0  0  0  5  2  5  2  1 0  0  2  1  1  6  1 3  1  1  5  2  1  1  2  7  9  3  3  9  1  4  5  0  8  0  0  0  2  0  0  0  0  9  7  3  5  1 3  0  2  6  3  Total  78  23  14  54  06  13  15  13 The de novo cases will probably be those cases with the highest probability of detecting disease specific breakpoints. However, we included all DBCRs irrespective of their type (de novo, paternal or maternal origin, with or without concordant traits, or unknown origin) since we did not want to exclude anything, for example, potentially de novo cases among the 67 DBCRs of unknown origin.
Of the 115 translocations where both parents had been analysed, 2/3 of the cases (78/115) were de novo rearrangements. If we take the conservative view that 2/3 of the 54 translocations of unknown status are also of de novo origin, the estimated number of de novo translocations in our survey would be 78+2/ 3*54=114 (∼0.16%). In fact, since the mother had been excluded from carrying the rearrangement in six of the unknown cases, this must actually be a minimum estimate. Only 6/34 of the inversions where both parents had been analysed were of de novo origin, so the total estimated numbers of de novo inversions would be 6+ 6/34*13 ∼8 (∼0.01%). Combined, the estimated minimal frequency of de novo reciprocal translocations and inversions associated with abnormal phenotypes in our survey was ∼0.17%, or a six-fold increase compared to the general population, suggesting that in the majority of these DBCRs the rearrangement will be causatively linked to the observed trait(s).
The population frequency of familial DBCRs with discordance for an abnormal phenotype is unknown, but it is conceivable that many if not most of these cases in our survey may be coincidental findings. However, we included these cases since they might be the ones associated with autosomal recessive disorders 9 and, as illustrated by the familial, discordant DBCRs associated with BeckwithWiedemann syndrome, 10 associated with sex dependent imprinting.
Of the 52 cases with well known syndromes/ phenotypes, which in most cases can be accessed as specific entities in OMIM (appendix, 1-4), only 13 or 6% of the 216 DBCRs have been published previously in relation to the abnormal phenotype. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] One immediate consequence of the present study was the first fine mapping of a balanced chromosomal breakpoint within the Prader-Willi syndrome (PWS) chromosome region in a patient with PWS stigmata. 23 Since then, additional translocation breakpoints involving the PWS imprinted region have been characterised. [24] [25] [26] Furthermore, FISH mapping of an identified t(1;9) associated with nail-patella syndrome (NPS1) has narrowed the 9q34 breakpoints in this and in another NPS1 associated translocation 27 to a single PAC clone, which has been shown to contain the NPS1 lim-homeobox gene LMX1B. 28 In the PWS case, the karyotype was performed in 1979, and although microdeletions at 15q11-13 were not described before 1981, 29 numerous reports had suggested an involvement of chromosome 15 in PWS. 29 30 In the NPS1 case, which was also karyotyped in 1979, the balanced translocation was not considered to be associated with the phenotype despite the fact that NPS1 was mapped to 9q34 in 1976. 31 These two cases illustrate that cytogenetic archives may contain DBCRs associated with well known disorders with known or suspected chromosomal locations, which may only be disclosed by systematic re-examination.
The survey uncovered several other DBCRs associated with specific genetic entities which are now under investigation: a familial t(6;14) segregating with Schmidt syndrome (MIM 269200); a de novo t(2;10) associated with ulnar aplasia; and a de novo inv(3) associated with radial aplasia. The cause of Cornelia de Lange syndrome (MIM 122470) is unknown, but two patients with diVerent inversions have concordant involvement of 12p13. In addition, a t(8;20) segregating with atypical cerebellar ataxia in a large family suggests a putative locus for early onset mild ataxia at either 8p21 or 20q12 (Hertz et al, in preparation) .
Mental retardation (MR) is one of the most common abnormal traits in man and the single most important indication for a chromosome analysis. In line with this, non-syndromal and syndromal MR, with or without other neurological symptoms, was the most common trait associated with DBCRs, seen in 108 (50%) of the 216 cases. The fact that almost any visible chromosomal imbalance will result in mental impairment probably indicates that haploinsufficiency of numerous genes may lead to abnormal mental development. Still, relatively few specific genetic causes of MR have been characterised so far, including some forms of X linked MR, where specific DBCRs have aided in the characterisation of the genetic defects.
32-34
Some of the apparently balanced rearrangements associated with MR may be unbalanced at the molecular level. Recent mapping of six DBCRs with mental retardation with breakpoints on chromosome 13 showed submicroscopic deletions in two cases, one of which originated from this survey. 35 If we can extrapolate, a substantial fraction of DBCRs associated with MR may be associated with microdeletions, and as such may help specify novel microdeletion syndromes.
Another strategy to identify candidate breakpoints and genes associated with MR is to identify common breakpoints associated with MR. In this study we observed two to four cases with mental retardation and the following common breakpoints: 1p36, 1q31, 1q44, 2q23, 4p16, 4q22, 4q35, 5q13, 6q27, 7q22, 7q36, 9p24, 9q34, 12q15, 13q34, and 14q32. Interestingly, half of these 16 clusters involve telomeric cytogenetic bands (appendix, 13), and altogether 29 of the 238 breakpoints detected in association with mental retardation occurred in telomeric cytogenetic bands. HaploinsuYciency of subtelomeric regions are frequently detected in idiopathic MR, 36 37 indicating that these regions must contain MR related genes. Therefore, DBCRs with terminal breakpoints may be good candidates for defining some of these genes, for example, by the presence of subtle microdeletions, truncating events, or other inactivation mechanisms. However, the observed clustering outside the telomeric regions suggests that DBCRs in general may be instrumental in the delineation of autosomal genes, which cause MR by haploinsuYciency.
Of 40 (five cases)). 41 42 Most of the DBCRs associated with MR were diagnosed in the newborn period and later clinical examinations have not been reported. Some of these conditions may represent specific syndromes or may later have manifested more specific or additional symptoms and a systematic clinical follow up would be of great value. Although this is very time consuming and has only been done in a limited number of patients, we plan to do this.
Infertility is the second largest group that was identified. Among the cases with female infertility, eight involve X;autosomal translocations, all of which have a breakpoint at Xq21-23 within the known critical region on the X chromosome. 43 However, almost as frequent (seven cases) are rearrangements only involving autosomes. Since very little is known about autosomal genes in female infertility, such DBCR may become important for genetic exploration of female infertility. In the group of male infertility, chromosome 1 is involved in four rearrangements and in three of them the breakpoint is at 1q21, whereas 2q21 is a common breakpoint in two other cases.
It is at present speculative whether reciprocal translocations can cause infertility by disrupting genes involved in spermatogenesis/ oogenesis, or whether the infertility is associated with a mechanical disruption of the segregation of chromosomes. However, in the latter case it would be expected that chromosomes 1 and 2, which are of almost similar size, would be aVected to a similar degree. Although we observed clustering of breakpoints in male infertility on both chromosomes in the present study, chromosome 1 has significantly more breakpoints than chromosome 2 (van Assche et al, in preparation), suggesting that the location of the breakpoint is important too.
Among the 14 DBCRs associated with well known disorders with a mapped locus (appendix, 1, 2, and 3), only three DBCRs involved breakpoints outside the proven disease region: an inv(8) associated with Williams syndrome (with proven deletion of the ELN gene on chromosome 7 (data not shown)), a t(13;18) associated with adrenogenital syndrome (with proven mutation of CYP21 on chromosome 6 (data not shown)), and an inv(2) associated with Rett syndrome with a proven mutation of the X linked MECP2 gene (Nielsen et al, in preparation) (appendix, 3). This is also consistent with the notion that the majority of DBCRs detected in the present study are causally related to the associated abnormal phenotypes.
In conclusion, we have shown in a survey of our population, which is as complete as it can be, that ∼0.3% of all postnatal cytogenetic analyses are DBCRs; this includes DBCRs associated with both mapped and unmapped but well known disorders/syndromes. More than half of the DBCRs were associated with mental retardation; some of these may be associated with microdeletions at the molecular level, and a remarkable number of MR associated breakpoints were clustered in specific cytogenetic regions. This clustering may indicate the location of specific MR genes. Although the geographical area covered by the study is rather limited, both with respect to population (6.6 million) and number of postnatal analyses performed (71 739), the importance of these figures is evident if we extrapolate to MCN. Altogether, the 292 participating laboratories have performed more than 2.5 million postnatal analyses, suggesting that their archives contain information on more than 7500 DBCRs, of which only a small fraction will have been published. In addition, the 292 participating laboratories perform more than 150 000 postnatal analyses annually, suggesting that they will encounter 450-500 novel DBCRs each year. It will be no trivial matter to uncover these cases, especially in larger laboratories, but the present study illustrates that it will be worthwhile to do it in a systematic fashion and that pooling of such data within MCN can become a significant resource for large scale establishment of phenotype-genotype relationships in man. 
